ABSTRACT --We previously reported that characteristic deformities were induced by retinoic acid (RA) treatment of the Japanese flounder, Paralichthys olivaceus , at 6-9 days post-hatching (dph). To evaluate the toxic potency of nuclear retinoid receptors in induction of deformities by RA, we here investigated the effects of retinoic acid isomers on postembryonic development of this species. Larvae were exposed to either 25 nM of all-trans RA (atRA), 9-cis RA (9cRA) or 13-cis RA (13cRA) at 6-9 dph. All RA isomers induced deformities in the lower jaw, caudal fin and vertebrae. In the lower jaw, growth retardation of the dentary was evident. In the vertebrae, the major abnormalities were hypertrophy of the centrum, central fusion, and an increase in the number of abdominal vertebrae. Caudal fin deformities included deformity of caudal bone complex and absence of the entire caudal fin. The absence of the hypural primordium at 12 dph was the first sign of abnormality in caudal fin development, and resulted in complete blocking of the caudal fin development. Among the RA isomers, atRA induced the most severe deformity in all skeletons examined. Retinoic acid receptor (RAR) expression was activated by atRA and 9cRA, and pitx2 expression was inhibited in the lower jaw by atRA and 9cRA. Vitamin D receptor (VDR) expression was specifically inhibited by atRA treatment, suggesting that RA inhibits the lower jaw growth by suppressing the expression of these genes. These results suggest that RA exerted toxic effects on the skeletal systems, mainly through the RAR pathway.
INTRODUCTION
Teleost fishes are the lowest vertebrates having a mineralized skeleton. In higher vertebrates, the axial skeleton is generally formed by endochondoral ossification in which bone is first formed as cartilage and then ossified into mineralized bone. The teleostean axial skeleton is unique in that it is formed by intramembranous ossification in which bone is formed as a bone matrix and directly ossified (Matsuoka, 1987; Ekanayake and Hall, 1988) . Generally, marine fish larvae hatch much earlier in their development than other vertebrates. It would therefore seem that the spatio-temporal sequences of skeletal development in teleost are quite different from those of other, higher vertebrates.
It is well known that retinoids are potent teratogens in mammals and birds (Morriss-Kay, 1992; Zile, 1999) . Embryonic exposure to retinoids also causes severe malformations in experimental animal models (Thaller et al ., 1993; Minucci et al ., 1995) . It is well established that these diverse effects depend on the concentration of retinoids and the developmental stage of the embryo (Morriss-Kay, 1992; Zile, 1999) . Exposure of late gastulation-stage rat embryos to retinoid excess has been shown to cause shortening of the preotic hindbrain (Morriss, 1972) . Exposure of embryos at later stages than those affecting hindbrain development causes cleft palate and shortening of the facial processes in rat embryos (Morriss, 1972) and shortening of the frontnasal and maxillary processes in the chick (Wedden and Tickle, 1988) . And RA treatments have been shown to cause facial malformations in flounder embryos (Suzuki et al ., 1998 (Suzuki et al ., , 1999 (Suzuki et al ., , 2000b . However, there have been few reports on the effects of RA on postembryonic development in teleosts. In Japanese flounder, exogenous RA treatment causes jaw deformity in postembryonic development (Haga et al. , 2002, in press ). It is doubtful that jaw deformity occurring in postembryonic development is a causative factor of high mortality in farmed flounder (Sawada et al ., 2001) . In another report, reported that RA treatment induced abnormalities in the vertebra and caudal fin as well as the lower jaw in postembryonic development of the flounder. The action of RA is mediated through two families of specific retinoid receptors in the nucleus: retinoic acid receptors (RAR) and retinoid X receptors (RXR) (Mangelsdorf et al ., 1993) . In a report by Suvcov and Evans (1995) , these receptors are present in all vertebrates studied, share considerable homology, and have similar spatial-temporal patterns of gene expression during development across species. These receptors act as ligand-inducible transcription factors. RAR is activated by atRA and 9cRA, whereas RXR is activated by 9cRA (Heyman et al ., 1992; Allenby et al ., 1993) . 13cRA does not activate either of the receptors. In our previous studies, we reported that atRA caused skeletal deformities during postembryonic development of the flounder, Paralichthys olivaceus , suggesting that RAR mediated these deformities . It is also suggested that retinoid toxicity in mice, hamsters, and zebrafish is mediated by the RAR pathway but not the RXR pathway (Koccar et al ., 1995; Minucci et al ., 1995; Willhite et al ., 1996) . On the other hand, it was reported that similar malformations were induced by 9cRA and RXR (but not RAR) selective ligands in Xenopus laevis (Kraft et al ., 1994; Minucci et al ., 1996) . In addition, it has been shown that 9cRA is about 25 times more potent than atRA in induction of wing duplication in chick wing bud (Thaller et al ., 1993) . This information suggests that RXR is more potent in deformities induced by RA. However, little is known about the toxic potency of RAR/RXR in teleost development. Therefore, we here examined which of the receptors is responsible for the deformities induced by RA by comparing the toxicity of atRA, 13cRA, and 9cRA.
MATERIALS AND METHODS

Animals
Flounder ( Paralichthys olivaceus ) eggs were collected at Kumamoto Prefectural Fisheries Research Institute and reared at the Fisheries Research Station, Graduate School of Kyoto University, Maizuru, Kyoto from January to March 2000. Eggs were divided into four groups in each of three 100 L transparent polycarbonate tanks filled with filtered seawater. At 10 dph, the number of larvae in each tank was adjusted to 1000 individuals. Fish were fed on rotifers and Artemia nauplii enriched with DHA ethyl ester (Itochu Co., Tokyo, Japan). From 6 to 9 dph, larvae were soaked with atRA, 9cRA or 13cRA as described in RA Treatments. They were then developed in normal seawater. Immediately after the immersion, the lower jaw was dissected from the larvae and subjected to PCR analysis of RAR, RXR and VDR expression. Larvae were sampled at 9, 12, 26, and 30 dph for skeletal analyses. During rearing, 1/3 of the water in the tank was manually removed and replaced with fresh seawater each day, and the photoperiod was adjusted to 12L:12D. The water temperature was kept at 17.7 ± 1.08 ° C. At 43 dph, all fish were fixed in 10% neutralized formalin for morphological analysis.
RA Treatments
atRA (Sigma, Tokyo, Japan), 13cRA (Sigma) and 9cRA (Funakoshi, Tokyo, Japan) were dissolved in dimethyl sulfoxide (DMSO) (Wako Pure Chemical Industries, Tokyo, Japan), and added directly to the rearing water to obtain a final concentration of 25 nM. For the control, only DMSO was added to the fish tanks. The larvae were subjected to RA treatment for 4 days (6-9 dph), corresponding to the B stage (Minami, 1982) . During the RA treatments, all tanks were covered with dark brown polyethylene vinyl in order to prevent degradation of the RA by white light. During RA treatment, fish were reared in stationary water containing RA and 1/3 of the rearing water was exchanged each day. After adding the new water, additional RA was added to maintain the concentration of 25nM.
Biological Analysis
The skeleton was double-stained with Alcian Blue and Alizarin Red after the method of Kawamura and Hosoya (1991) . After staining, phenotypes of deformity in the lower jaw, caudal fin and vertebrae were observed in 43 dph specimens. Protrusion of the isthmus area was used as a sign of severe lower jaw deformity (Takashima, 1976; Shimizu, 1987) . Total length was measured at 12 and 43 dph and body weight was measured at 43 dph.
In situ hybridization
Whole-mount in situ hybridization was performed principally as described by Jowett and Yan (1996) . Preparation of pitx2 antisense riboprobe and whole-mount in situ hybridization were performed as described by Hashimoto et al . (2002) . BM purple AP (Roche) was used as an alkaline phosphatase substrate.
RT-PCR Assay
mRNA was extracted from the jaw using a QuickPrep Micro mRNA Purification Kit (Amersham Pharmacia Biotech, Tokyo, Japan) according to the manufacturer's directions with slight modifications. The lower jaw was dissected from larva under a stereomicroscope, and dissolved in 100 µ l of extraction buffer by vortexing. Samples were kept at -20 ° C until mRNA purification. After thawing, 200 µ l of elution buffer was added to the solution. Oligo dT cellulose precipitated from 50 µ l of oligo dT cellulose solution was suspended in the samples, and the samples were shaken for 10 min. After centrifugation, the oligo dT cellulose was washed twice with high salt buffer and twice with low salt buffer. After centrifugation, the buffer was discarded, and the oligo dT cellulose was suspended in 20 µ l of elution buffer heated at 60 ° C. After brief vortexing, samples were centrifuged and the supernatant was collected. One µ l of sample was withed for PCR to check for contamination of the genomic DNA. mRNA was precipitated from the remaining sample with ethanol, resuspended in RNAse-free water and transcribed to first strand cDNA using a First-Strand cDNA Synthesis Kit (Amersham Pharmacia Biotech). The PCR primer sequences for flounder RAR (accession number: AB073782), RXR (accession number: AB073785), VDR (Suzuki et al ., 2000a) and EF1-α (Suzuki et al ., 1999) were as follows: RAR primers, 5 ' -CCGACCAGATCACTCT-GCCTCAAAGC and 5 ' -TGTTCTGGACCTTCTCGGCAGCTTC; RXR primers 5 ' -CAGTGCAGGAGTGGGCTCCATCTTG and 5 ' -GAA-GAACAGATGCTCCAGGCACTTG; and VDR-b primers 5 ' -GGAA-GAAGGACCTTATTCAGAGG and 5 ' -TGGGCGGTCTGGAGAAAG-CAAAC. EF1-α primers were 5 ' -TGCTGACCGCTTCAACGCCC and 5 ' -TTGATGACACCGACAGCCAC. The length of specific PCR products was 278 bp for RAR, 301 bp for RXR, 729 bp for VDR-b and 308 bp for EF1-α . The parameters of PCR were 95 ° C for 0.5 min, 60 ° C for 1 min and 72 ° C for 2 min. The number of cycles was 28 for RAR and RXR, 29 for VDR-b and 22 for EF1-α . rTag DNA polymerase, PCR buffer and dNTP were supplied by Takara.
Statistical Analysis
After confirming equal variance, the significance of the mean of the value was tested by ANOVA (Steel and Torrie, 1980) . When significant differences were detected between individual groups by ANOVA, they were tested by Tukeyís multiple tests.
RESULTS
Lower jaw deformity
No obvious anomaly was observed at 9 dph just after the RA treatments ( Fig. 1A and B) . However, severe deformity of the lower jaw appeared during successive development until 43 dph ( Fig. 1D and E) . The growth retardation of the dentary was remarkable. In the lower jaw, the deformity was classified into 2 types: asymmetrical deformity and paired deformity ( Fig. 1D and E) . Asymmetrical deformity was characterized as a lesser development of the jaw on one side, whereas paired deformity was characterized by a lack of development on both sides of the lower jaw. Some specimens showed fractured Meckel's cartilage in the more affected half of the lower jaw. Fig. 1 shows the frequency of occurrence of the lower jaw deformity (F) and protrusion of the isthmus area (G). There was a significantly higher incidence of the lower jaw deformity in the atRA group. More- over, there was a significantly higher incidence of protrusion in the isthmus area in the atRA group, which was regarded as a sign of severe lower jaw deformity (Takashima, 1976; Shimizu, 1987) . There were two types of growth retardation anomaly: asymmetrical deformity and paired deformity. More than 50% of the deformities were in the left half of the lower jaw in the atRA and 9cRA groups (Fig. 1F) . On the other hand, in the 13cRA group, most (58%) of the lower jaw deformities occurred on the right side.
Caudal fin deformity
The occurrence of caudal fin deformity at 43 dph is presented in Figure 2 . There were two types of deformity: partial caudal fin and complete absence of the caudal fin ( Fig.  2D and E) . Caudal fin deformity was always accompanied with deformity in the caudal bone complex ( Fig. 2D and E) . Almost all fish treated with each RA isomer had severe anomalies in the caudal fin (Fig. 2, graph) . Complete absence of the caudal fin occurred in 76% of the individuals in the atRA group, whereas it occurred in only 45% of the 
Fig. 4.
Results of gene expression analysis in the lower jaw of flounder at 9 dph. Upper, results of whole mount in situ hibridization of pitx2 in fish treated with DMSO (control) (A), at RA (B), or 9cRA (C). Larvae were treated with each RA isomer or DMSO (control) for 6-9 dph and fixed with 4% paraformaldehyde. Note the inhibition of pitx2 expression in the jaw of fish treated with atRA or 9cRA. Lower, RT-PCR analysis of RAR , RXR , VDR and EF-1 α expression in the lower jaw. After larvae were treated with atRA, 9cRA, 13cRA or DMSO (control) at 6-9 dph, the lower jaw was dissected and subjected to RT-PCR analysis. Each lane represents a single larva. Note the increase in RAR expression in the 9cRA and atRA groups and depression of VDRb expression in the atRA group.
13cRA group and in only 33% in the 9cRA group. Partial absence of the caudal fin was observed in most of the remaining fish in the three RA groups. The absence of the hypural primordium, which results in the absence of the caudal bone complex, was first identified as an anomaly of the caudal fin at 12 dph in atRA-treated larvae ( Fig. 2A and B) .
Vertebral deformity
In the vertebrae, there were three types of deformity: central fusion, hypertrophy of the centrum, and additional abdominal vertebrae (Fig. 3A-C) . In the atRA group, some specimens showed hypertrophy of the centrum in almost all regions along the body axis (Fig. 3B) . These deformities were similar to those already reported in RA-treated flounder . The occurrence of vertebral hypertrophy and central fusion in fish treated with atRA is shown in Figure 3D . atRA treatment induced these deformities particularly in the 4th-13th and 35th-40th vertebrae. A similar pattern of vertebral deformity was found in the other RA isomer groups. There were no obvious differences in the frequency of occurrence or degree of deformity among the RA groups in terms of vertebral hypertrophy or central fusion. On the other hand, RA induced additional vertebrae in the abdominal vertebra. Fig. 3E shows the occurrence of the 12th abdominal vertebra in fish of 43 dph. A significantly higher incidence of this deformity occurred in the atRA group. The incidence of a 12th abdominal vertebra in the other RA groups was not significantly different from the incidence in the control group. Table 1 shows the growth performance of fish in body length at 12 and 43 dph. Although there was no significant difference, the growth in the three RA groups at 12 dph was smaller than that in the control group. At 43 dph, the highest growth was observed in the control group ( p < 0.01). Growth of the three groups was in the order of 13cRA > 9cRA>atRA ( p <0.01). In terms of body weight, only the atRA group was significantly smaller than the control group ( p < 0.01). Fig. 4 (upper) shows the results of in situ hybridization of pitx2 in flounder at 9 dph after treatment with atRA, 9cRA or DMSO (control).The pitx2 transcript was detected in the tip of the upper and lower jaw of the control group, while atRA treatment depressed its expression. Pitx2 expression of the 13cRA group could not be analyzed due to a lack of appropriate samples. Fig. 4 (lower) shows the results of RT-PCR analysis of RAR, RXR and VDR expression in the lower jaw at just after RA treatment at 9 dph. Both atRA and 9cRA tended to increase the expression of RAR. VDR expression was specifically inhibited by atRA treatment.
RA induced growth retardation
Results of gene expression analysis in the lower jaw
DISCUSSION
Toxic potency of RAR/RXR
atRA was found to be much more effective than the other RAs in inducing deformities in all skeletal systems examined. It was therefore suggested that RAR has stronger toxic potency during postembryonic development of Japanese flounder than RXR. Similar results were reported on the fin deformity of Japanese flounder (Miwa and Yamano, 1999) . Because RAR is expressed in the lower jaw at the B stage and the expression is successive, we hypothesize that the toxic potency of RA is mediated via the RAR pathway.
Mechanisms of malformations
In Japanese flounder, RA treatment at the hatching period has been shown to disturb pharyngeal cartilage development by affecting the expression of sonic hedgehog ( shh ) at the pharyngeal endoderm, resulting in specific malformations (Suzuki et al ., 1998 (Suzuki et al ., , 1999 . Shh expression was detected in the lower jaw at the B stage by RT-PCR, but the expression level was not affected by RA (data not shown). However, patched , a receptor of shh , is inhibited by RA treatment during the B stage of Japanese flounder (Haga et al ., 2001) . Further, pitx2 has been shown to be inhibited by atRA and 9cRA treatments. Mice lacking pitx2 expression show gross malformation, especially in the craniofacial skeletons (Lin et al ., 1999; Lu et al ., 1999) , suggesting that misexpression of pitx2 was involved in the lower jaw deformity. It has also been suggested that pitx2 was regulated by shh (King and Brown, 1999) . Therefore, these shh -related effectors would be affected by RA treatment and eventually lead to deformities.
In regard to the asymmetrical lower jaw deformity, the toxic effects on the right and left halves of the lower jaw differed among the atRA, 9cRA and 13cRA groups. The growth of fish in the 13cRA group was superior to that in the atRA and 9cRA groups immediately after RA treatment. Since the effect of RA on lower jaw development is stagedependent in Japanese flounder (Suzuki et al ., 2000b; Haga et al ., in press ), this asymmetrical deformity may reflect a developmental difference among the groups during RA treatment. In the present study, Pitx2 expression was inhibited by atRA and 9cRA treatments. The specific inhibition of VDR expression by atRA treatment observed in the present study suggests that the lower jaw deformity is partly mediated through suppression of VDR expression. Analyses of VDR null mice clearly show that VDR has an essential role in chondrogenesis (Li et al ., 1997; Yoshizawa et al ., 1997) . At the B stage, Meckel's cartilage has already formed, while the dentary exists as unossified mesenchyme. Therefore, depression of VDR in the lower jaw may contribute to a decrease in the propagation/differentiation of chondrocytes in growing Meckel's cartilage, leading to inhibition of differentiation or growth of the dentary during later development.
Deformity was also observed in the caudal fin and centrum of fish. RA treatment blocked formation of the hypural primordium. Thus, RA treatment inhibits cartilage differentiation before commencement of chondrocyte formation. The centrum is formed by intramembranous ossification. Therefore, deformities in the caudal fin and vertebrae were induced by a signal pathway other than VDR.
Growth
RA treatment was found to significantly retard growth in terms of both total length and weight gain ( p < 0.01). After 12 dph, the total length in the groups treated with the RAs was shorter than that in the controls. We also observed less prey in the guts of larvae treated with RA than in the guts of the controls. This suggests that the RA treatments reduced the growth of flounder during the immersion by inhibiting feeding. A similar observation was made by Miwa and Yamano (1999) . At 43 dph, the growth was in the order of control> 13cRA > 9cRA> and atRA, indicating that RA treatment at the B stage also reduces the growth at later stages. The poor growth in fish treated with RA isomers was most likely caused by difficulties in feeding due to deformities in the feeding apparatus. Therefore, RA negatively affected growth by direct inhibition of larval appetite during RA immersion as well as by induction of deformities in the feeding apparatus during later development.
Based on the present findings, we propose that toxic effects of RA were mediated by RAR pathway. There are three subtypes of RAR/RXR and it has been suggested that each of them has a different toxic potency (Willhite et al ., 1996; Elmazar et al ., 1997) . This information will help to clarify the molecular mechanism of deformities by RA in farmed-flounder.
